Neuronal signals in the lateral aspect of the macaque cerebellar cortex were studied during a visually-guided reaching task. During the performance of this task, the firing rate of most neurons was significantly modulated when reaching with either the ipsilateral or the contralateral arm. In some of these reach-modulated cells we found that spike firing was correlated with the direction and speed of the reach. These correlations with motor parameters were present during reaching with either the ipsilateral or the contralateral arm.
INTRODUCTION
Evidence from lesion, electrophysiological, and imaging studies has shown that the cerebellum plays a role in the control of visually guided movement Stein 1986; Stein and Glickstein 1992) . Cerebellar lesions result in a characteristic ipsilateral limb ataxia (Holmes 1939) ; impaired coordination and a loss of control over the parameters of movement However, several studies indicate that the observed correlations with ipsilateral limb movement cannot completely explain the role of the cerebellar hemisphere. Lesions in humans that were restricted to the posterior and lateral cerebellar hemisphere impaired visuomotor adaptation, but resulted in little or no ataxia . Electrophysiological recordings in non-human primates revealed that complex spikes in the intermediate and lateral cerebellar cortex encoded motor error relative to the target (Kitazawa et al. 1998 ), while simple spike firing in the lateral cerebellum was correlated with visual feedback rather than movement direction (Liu et al. 2003) . A functional imaging study has shown bilateral activation of the lateral cerebellar cortex on unilateral limb reaching (Cui et al. 2000) , while other imaging studies have suggested numerous non-motor functions for this region of the cerebellar cortex (Allen et al. 1997 ; Bischoff-Grethe et al. 2002 ; Gao et al. 1996) .
We found that the spike firing in the lateral aspect of the cerebellar hemisphere was significantly modulated by reaching with either the ipsilateral or the contralateral arm.
Further, spike firing was correlated with motor parameters during reaching with either the ipsilateral or the contralateral arm. Based on these finding we suggest that, similar to what has been observed in anterior and medial regions of the cerebellar cortex during ipsilateral limb movements, spike firing in the lateral cerebellar cortex was also correlated with movement and motor parameters. But unlike what has been observed in the anterior and medial regions (Thach 1968 ) spike firing in the lateral cerebellar cortex was correlated with movement and motor parameters irrespective of the effector limb used to perform the reach.
METHODS
Behavioral task and setup. We trained two adult male macaque monkeys to perform a visually-guided reaching task with either arm (figure 1). A 15" touch-sensitive video screen, placed directly in front of the animal 20cm distant from two capacitance switches, displayed visual targets and registered touches of the monkey's finger. A white rectangle placed in either the upper right-hand or left-hand corner of the screen continuously indicated which arm was to be used for reaching throughout a block of trials. At the start of a trial, both hands had to remain on the capacitance switches for a variable time period (500 -1500ms) to complete the initial hold period. A visual target, consisting of a gray dot with a radius of 6mm, then appeared at a random location on the video screen. The monkey had 300ms from the start of movement to reach with its hand and touch the screen. The target disappeared when the monkey removed its hand from the switch and then reappeared in the same location 50ms later while the monkey was in the midst of its reach. This brief target flash was included so that the current paradigm could be directly compared to another paradigm under investigation. A white dot with a radius of 6mm appeared when and where the monkey touched the screen. For a trial to be considered a success, the target dot and touch dot had to overlap. The reaching hand had to be returned to its switch within 400ms of touching the screen. Once the reaching hand had been returned to the start position, a final hold period (500 -1500ms) had to be completed. EMG and EOG recording. The broadband EMG signal from surface electrodes was differentially amplified (gain 10,000) and then digitally recorded (sampling frequency 2kHz).
The EMG signal was rectified, time aligned on the start of movement, and averaged across 50 trials. EMG data was acquired in the middle of several months of spike data acquisition. for all reaches to ipsilateral side of the touch-screen and for all reaches to contralateral side of the touch-screen for each arm. The Wilcoxon ranksum test was then used to determine if the firing rate for reaches to ipsilateral space were significantly different (p < 0.05) from the firing rate for reaches to contralateral space.
Correlation with reach speed: Reach speed was obtained by taking the distance from the start switch to the touch location on the screen and dividing by the reaching time. For each cell the range of reaching speeds for all trials was split into four equally sized bins and the average reach speed calculated for each bin. The mean firing rate during the planning/reaching period (200ms before through 300ms after the start of movement) was also calculated from all the trials in each of the four reaching speed bins. If these data could be fit by a linear regression with a significantly non-zero slope (ANOVA p < 0.05) then that cell was considered to be correlated with reach speed.
RESULTS
Behavior. During performance of the task both monkeys displayed accurate ballistic movements when reaching with either the ipsilateral or contralateral arm. Monkey T's mean reaching speed was 0.72m/sec (SD 0.05m/sec) when reaching with the ipsilateral arm and 0.70m/sec (SD 0.04m/sec) when reaching with the contralateral arm. Monkey R's mean reaching speed was 0.74m/sec (SD 0.04m/sec) when reaching with the ipsilateral arm and 0.86m/sec (SD 0.06m/sec) when reaching with the contralateral arm. On average monkey T touched the screen 17mm (SD 3mm), 4.9 degrees, from the target when reaching with the ipsilateral arm and 18mm (SD 4mm), 5.1 degrees, when reaching with the contralateral arm.
On average monkey R touched the screen 11mm (SD 2mm), 3.1 degrees, from the target when reaching with the ipsilateral arm and 21mm (SD 7mm), 6.0 degrees, when reaching with the contralateral arm. The maximum angle subtended by Monkey T's reaches was 34 degrees for the ipsilateral arm and 35 degrees for the contralateral arm. The maximum angle subtended by Monkey R's reaches was 37 degrees for the ipsilateral arm and 33 degrees for the contralateral arm. Monkey T performed at a 57% success rate when reaching with the ipsilateral arm and 50% success rate when reaching with the contralateral arm. Monkey R performed at an 83% success rate when reaching with the ipsilateral arm and a 46% success rate when reaching with the contralateral arm. Spike firing was significantly modulated by both ipsilateral arm and contralateral arm reaching in 68%, 53 out of 78, of the cells. Most cells had firing rate peri-stimulus time histograms (PSTHs) that were similar when reaching with either arm. For these cells, the PSTHs could exhibit either increasing firing rates (n = 55) or decreasing firing rates (n = 8) for reaching with the ipsilateral and the contralateral arm (figure 2). However, for some cells (n = 15) the PSTHs for the two arms were inversely related. The mean firing rate for ipsilateral arm reaching was plotted against the mean firing rate for the contralateral arm and fit by a linear regression, giving a correlation coefficient of 0.66 and a significantly non-zero slope (p < 0.05) (figure 3a).
Since averaging across a heterogeneous population of firing rates would tend to obscure details in population analyses, two population average PSTHs were constructed, one for PSTHs with increasing firing rates and one for PSTHs with decreasing firing rates ( figure   3b ).
EMG and EOG were recorded during reaching with both the ipsilateral and contralateral arm. In the ipsilateral arm muscles there was strong EMG activity during ipsilateral arm reaching and relatively little or no EMG activity during contralateral arm reaching. Little or no EMG activity was observed in the ipsilateral axial muscles during reaching with either the ipsilateral or the contralateral arm (figure 3c). EOG revealed that the timing of saccades was very similar when reaching with either the ipsilateral or the contralateral arm. Most saccades occurred before the start of the reach, or after the reach was over (figure 3d). Few or no saccades were made during the reach when either the ipsilateral or contralateral arm was used.
Spike firing was correlated with motor parameters. A significant (t-test p < 0.05) difference in firing rate for reaches to ipsilateral space versus reaches to contralateral space, was observed in 27% of the cells (21 out of 78) when reaching with either arm (figure 4a). 13 cells exhibited this correlation during ipsilateral arm reaching, while 12 cells did so during contralateral arm reaching. When the preferred space --ipsilateral space or contralateral space --was calculated for both the ipsilateral and the contralateral arm for each of the 21 significantly correlated cells, most cells preferred reaching to the same region of space for both arms (n = 15). There was also a bias for both arms to prefer reaches to contralateral space (n = 10) over ipsilateral space (n = 5).
Spike firing rate was also significantly (ANOVA, p < 0.05) correlated with reaching speed in 31% of the cells, 24 out of 78, when reaching with either the ipsilateral or contralateral arm (figure 4b). 15 cells were correlated with reaching speed during ipsilateral arm reaching, while 11 cells were correlated with reaching speed during contralateral arm reaching. When the preferred correlation with reach speed was calculated for both the ipsilateral and the contralateral arm for each of the 24 significantly correlated cells, most cells exhibited the same correlation for both arms (n = 13). There was also a bias for both arms to prefer negative correlations (n = 10) to positive correlations (n = 3) with reach speed.
There was substantial overlap of the populations of cells that were correlated with these two movement parameters, with 11 cells correlated with both reach direction and reach speed.
DISCUSSION
The results showed that spike firing in the lateral cerebellar cortex was significantly modulated by either ipsilateral arm or contralateral arm reaching. The non-reaching arm was constrained from movement throughout the trial, and the monkeys were seated with their backs supported and heads fixed in place minimizing the need for stabilizing movements of axial muscles. Additionally, the monkeys were continuously cued which arm was to be used throughout an entire block of trials removing any need to form a motor plan for the nonreaching arm. However, the possibility remained that spike firing was correlated with covert ipsilateral arm or axial muscle contraction rather than with contralateral limb reaching.
Another alternative explanation is that spike firing was correlated with oculomotor factors, e.g. saccades or gaze direction, rather than with arm movements. EMG and EOG data revealed that single unit and population average PSTHs more closely paralleled the muscle activity of the reaching arm than the activity of axial muscles or the occurrence of saccades.
Further, PSTHs in most cases were similar for reaching with both the ipsilateral and the contralateral arm whereas covert limb movements would have generated patterns of muscle activation that were different than those generated by actual reaching movements. In nearby cerebellar cortical regions transient modulations of less than one hundred ms have been observed during the occurrence of saccades (Mano et al. 1991) . The time course of firing rate modulations we observed in the lateral cerebellar cortex during reaching were much longer, on the order of several hundreds of ms (figures 2 and 3b), and when aligned on the occurrence of saccades our data did not reveal sharp transients in firing rate modulation (data not shown). The time course of firing rate modulation during reaching also argues against a correlation with gaze direction as changes in modulation occurred at times when gaze was static (figures 2 and 3d). Based on these observations, we think that it is unlikely that the correlation of firing rate modulation with bilateral reaching movements can be explained speed tuning during reaches using either the ipsilateral or contralateral arm. These cells tended to prefer reaching to the same region of space and at the same speed for both the ipsilateral and the contralateral arms. In the current study only a minority of cells were correlated with motor parameters, so it was possible that a large percentage of cells in the lateral cerebellum were encoding non-motor aspects of task performance such as attention or sensory processing (Allen et al. 1997; Gao et al. 1996) . We think it is more likely that the relatively small number of cells observed with direction and speed tuning was related to the limited range of reach directions used. In the studies of Fortier et al and Coltz et al. reaching subtended a full 360 degrees with preferred directions, and the associated preferred speed, distributed uniformly in this range. In the current study reaching subtended less than 45 degrees, so that a substantial number of cells with significant motor parameter correlation may have gone undetected. As ipsilateral arm and contralateral arm reaches began in opposite hemi-fields the visual input would have been different for each arm. We found that in most cells the firing rate modulation was similar for both arms. This argues against the firing rate modulation in these cells being correlated with visual stimuli generated by the reaching movements rather than the reaching movements themselves. However, the possibility that cells which did not encode motor parameters may have been correlated with attention or visual stimuli rather than movement cannot be excluded. Thach 1968 Thach , 1970 Thach , 1978 . In light of these reports the finding of spike firing in the lateral cerebellum being in any way correlated with contralateral arm movements appears anomalous. However, these apparently contradictory finding may simply be the result of the differing anatomical locations explored -medial versus lateral. We suggest that there may be a medial-lateral gradient of function in the cerebellar cortex, with direct control of motor parameters of the ipsilateral limbs being represented in medial regions while the lateral regions exert control over motor parameters that are abstracted from the effector limb. This idea is supported by the finding that lesion of the lateral cerebellum resulted in little or no ataxia in human patients ) and the differing anatomical connectivity of these two regions. 
